A novel mechanism of efficient second harmonic generation in domain wall series is reported. By employing angle modulation, obvious intensity peaks of second harmonic appear at specific incident angles utilizing the continuous laser source of 200mW, and the single-pass conversion efficiency comes up to 5%/W only through dozens of domain walls. It can be shown that the phenomenon is caused by coherent superposition of Cherenkov second harmonics (CSH) generated by different domain walls, which is a novel mechanism totally distinguished from Quasi-phase-matching (QPM).
interaction used in FROG arrangement utilizing a single domain wall KTP 9 . In 2010, the observation of hexagonal pattern in Cherenkov directions was reported by our group, which was generated at triangular prism and pyramid domain buds and can be used as a novel domain wall detection technique 10 . Unlike the traditional interpretation by QPM theory, all these reports focus on the origin area of CSHG -domain walls.
In this work, we investigate the performance of ferroelectric domain wall series under loosely focused continuous laser source. Our experiments show that obvious intensity peaks of CSH appear when fundamental beam enters at some specific angles with respect to y axis of the sample. Then we demonstrate that this comes from the coherent superposition of CSH from different domain walls, which achieve complete phase matching. The samples with domain wall series used in our experiments are periodically poled LiNbO 3 (PPLN) fabricated by electric field poling technique at room temperature, with the inversion periods of 30μm (duty ratio of 1:1), and size of 15mm×5mm×0.5mm (x×y×z).
We directed a 200mW continuous laser beam at a wavelength of 1064 nm into the PPLN sample along y axis, which is parallel to the domain walls, keeping the operating temperature at 25 o C.
When fundamental beam entered the sample, a pair of harmonic on the symmetry of y-axis appeared (see Fig.1(a) ). Changing the polarization of fundamental beam, we found that z-polarized incidence and x-polarized incidence both excited a z-polarized harmonic pair, i.e., satisfied eee-type and ooe-type phase matching respectively, which conformed to the nonlinear coefficient matrix of LiNbO 3 . If the fundamental wave propagated at an angle α with respect to the y-axis, the second harmonic pair was not symmetrical of the direction of incident beam but still symmetrical of y-axis. Measurements showed the emergence angle θ that varied with α was fitting to
(α and θ in all the equations of this paper are relative to the y-axis and denote internal angle of crystal. Subscript 1 and 2 mark the fundamental and second harmonic waves), which denoted that phase matching is met along y-axis.
However, the most striking observation was remarkable enhanced brightness of the second harmonics at some specific incident angles (See Fig.2) , and the highest intensity of these bright spots was in the milliwatt (mW) order of magnitude. This is a noticeable phenomenon that has not been reported in previous experiments under ultra-short pulses. Considering that lateral disposed PPLN's domain structure can be viewed as a two-dimensional photonic structure, the first thought of explanation is two-dimensional (2D) QPM, which is also what we should exclude first. As the measurements indicate, y-axis phase matching condition k 2 cosθ = 2k 1 cosα has already been satisfied. Then the reason of the significant enhancement of harmonics intensity is probably that reciprocal vector along x-axis exactly compensate for wave vector mismatch. Since wave vector mismatch is Δk = k 2 sinθ-2k 1 sinα in x direction, in order to achieve quasi-phase-matching, Δk must be reciprocal vector G's odd times where G= 2π / Λ. That means
However, after substituting the measuring results into the above equation, we found that at these incident angles Δk was exactly an even multiple of G. This is inconsistent with QPM theory, because in the PPLN with the duty ratio of 1:1, if Δk is exactly an even multiple of G, harmonics formed in anti-parallel domain structure can just destructively interfere and no continuous energy transfer from the pump to the harmonics. At this point, we conclude that these distinct bright spots were not produced by QPM mechanism.
In fact, this harmonic generation which has nothing to do with the reciprocal vector and conforms to the longitudinal phase matching conditions is CSHG. Several authors have demonstrated that this phenomenon which is unconspicuous in bulk medium, has been greatly enhanced at and in the vicinity of the domain walls 8, 12 . Thus we investigated single domain wall CSHG utilizing a tightly focused laser source before establishing the new model.
In the investigation, two points deserve our attention. First, except the last one -remarkable enhanced intensity of the second harmonics at some specific incident angles, the phenomenon in a single domain wall or PPLN was analogy, including the polarization of harmonic, proven that domain wall region is the basic cause for these CSHG effect, we carried out model calculation based on domain walls to explain these distinct bright spots. Nonlinear frequency conversion is efficient only if CSH generated by different domain walls interfere constructively. As Fig.3(a) illustrates, generally, the waves generated in successive domain walls are out of phase and extinguish each other, but only in the case of Fig.3(b) , the waves add up in phase and the resulting intensity of the second-harmonic wave continue to grow quadratically with the number of domain walls. Thus the phase difference of two harmonic beams radiated from adjacent domain walls ΔΦ becomes the crucial variable.
Calculation of ΔΦ is sketched in Fig.3 , when the fundamental wave front propagates from A to B, CSH generated at point A has spread to point C, thus CSH at point B and point C have the same phase, and ΔΦ is equal to the phase difference between C and D, 
In this expression, F(α) denotes the intensity of one beam, which is associated with effective area of a domain wall and depends on incident angle α and the beam waist. Obviously, if ΔΦ equals to integer multiple of 2π, CSH intensity achieves a peak value. This is exactly the phase-matching case in Fig.3(b) .
Next we compare measured harmonic intensity relative to incident angle with calculation of our model. See Fig.4(a) , when the incidence is extraordinary light, theoretical matching peak appears in the position where ΔΦ varied from 12π to 32π, but the matching peak corresponding to smaller ΔΦ cannot be generated because of total reflection. As we can see, experimental results well conformed to the theory. Most of the CSH intensity peaks were clearly measured, and the Cherenkov harmonics totally disappeared as the incident angle exceeded 55 o . We did not mark the peaks corresponding to incident angle within 10 o , because they were located very close to each other. Fig.4(b) illustrates the case of ordinary light incidence, which has some different characteristics from extraordinary light. For instance, its
Cherenkov angle was very small, only two matching peaks with ΔΦ of 2π and 4π existed, and no phase matching angle encountered total reflection. After simple transformations, the CSHG constructive interference condition ΔΦ=m×2π
can be derived to a formula which is exactly the same as even order 2D-QPM condition:
which solves the dilemma of even order QPM mentioned before. This form also reveals some similarities between the two mechanisms. In essence, both mechanisms are aimed at constructive interference of second harmonics generated in the propagating process of fundamental beam. Simultaneously, they have significant differences as well. QPM mechanism takes effect by reversing the phase of field amplitude and lead to a coherent superposition, but the second harmonics are generated in continuously medium, and only realize so called quasi-phase-matching; whereas domain wall can be considered as discrete sources of radiation and implement the complete phase matching.
In our experiments, the highest normalized conversion efficiency appeared when the o-polarized fundamental beam entered at the incident angle of 6.15 o where the phase difference ΔΦ is 2π (see Fig.4(b) ). According to measurements, the power of CSH and fundamental wave were 2mW and 200mW respectively, that means the normalized conversion efficiency reached up to 5%/W. Moreover, we can calculate the normalized efficiency in each inversion period of the sample, by which form it is more clearly to show the significance of this efficiency. On one hand, since the matching internal incident angle In conclusion, we have studied a high efficiency harmonic generation mechanismcoherently superposed CSHG. Ferroelectric domain walls are independent units to produce CSH, and the phase difference of CSH from adjacent domain walls varies with the fundamental incident angle. Based on this, CSH from different domain walls can add up in phase and realize high efficiency second harmonic generation. This brand new mechanism could be another technique for efficient generation of new frequency components and is the first application of domain wall engineering in the field of optical frequency conversion.
